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NaFe0.5Cu0.5As represents a rare exception in the metallic iron pnictide family, in which a small
insulating gap is opened. Based on first-principles study, we provide a comprehensive theoretical
characterization of this insulating compound. The Fe3+ spin degree of freedom is quantified as
a quasi-1D S = 5
2
Heisenberg model. The itinerant As hole state is downfolded to a pxy-orbital
hopping model on a square lattice. A unique orbital-dependent Hund’s coupling between the spin
and the hole is revealed. Several important material properties are analyzed, including (a) factors
affecting the small p−d charge-transfer gap; (b) role of the extra interchain Fe; and (c) the quasi-1D
spin excitation in the Fe chains. The experimental manifestations of these properties are discussed.
I. INTRODUCTION
While the physics of high-temperature cuprate su-
perconductors is generally attributed to doping a Mott
insulator,1 the origin of iron-based superconductivity ap-
pears barely related.2 Interestingly, it was recently found
that by Cu substitution the iron pnictide superconductor
NaFe1−xCuxAs exhibits Mott-insulating-like behavior,3,4
which provides a rare example bridging these two in-
triguing classes of superconductors. Indeed, scanning
tunneling spectroscopy revealed striking similarities be-
tween the local electronic structure of NaFe1−xCuxAs
and lightly doped cuprates.4 More recently, the x=0.5
limit, i.e. NaFe0.5Cu0.5As, was reached, in which Cu
atoms was found to form well-ordered nonmagnetic 1D
chains while the Fe atoms form 1D antiferromagnetic
(AFM) chains.5,6 Such a stoichiometric insulating sam-
ple largely excludes an insulating phase orignated from
the Anderson localization. Angle-resolved photoemission
spectroscopy (ARPES) revealed a narrow band gap of
the size ∼16 meV, which was further examined by den-
sity functional theory (DFT) calculation plus the onsite
U correction (DFT+U).6
Considering that the gap size is comparable to that
in a narrow-gap semiconductor, charge excitations are
expected to remain active at ambient temperature.
In addition, the magnetically ordered quasi-1D Fe
chains should support unique spin excitations, which
might provide clues to understand the interplay be-
tween AFM magnetic order and superconductivity in
Fe-based superconductors.7 This article aims to provide
a systematic description of the low-energy physics in
NaFe0.5Cu0.5As within the DFT+U formalism. The pa-
per is organized as follows. Section II describes the
methodology. Section III reproduces the DFT+U re-
sults based on the experimentally determined chain-like
structure, and further clarifies the charge-transfer nature
of the energy gap and the spin state of each element.
Section IV studies how the electronic structure changes
when this chain structure is perturbed. This result indi-
cates a close connection between the insulating phase and
the formation of quasi-1D AFM chains. It also explains
the robustness of this insulating phase when iron concen-
tration increases. Section V quantifies the effective spin
model and discusses its manifestation in experiment. In
Section VI, we reveal unique orbital-dependent spin po-
larization of the hole bands due to its coupling to the
AFM Fe chains. Section VII concludes this article.
II. CALCULATION METHOD
The experimentally determined structure of
NaFe0.5Cu0.5As contains alternatively aligned AFM
Fe and nonmagnetic Cu chains along the [100] direction
[Fig.1(a)], as revealed by the high resolution TEM mea-
surements and neutron scattering5. Starting from this
lattice and magnetic structure, DFT+U calculations are
performed using Vienna Ab initio Simulation Package
(VASP)8. The +U correction follows the simplified
(rotational invariant) approach introduced by Dudarev9:
EDFT+U = EDFT +
Ueff
2
∑
σ,m
[nσm,m − (nˆσnˆσ)m,m],(1)
where m is the magnetic quantum number of the five Fe
3d-orbitals (for the present case), and nˆ is the onsite oc-
cupancy matrix. This +U correction can be understood
as adding a penalty functional to the DFT total energy
expression that forces the d-orbitals either fully occupied
or fully empty, i.e., nˆσ = nˆσnˆσ. We set Ueff = 2.8 eV, as
used in the previous study to get the correct insulating
gap size6.
With respect to the DFT functional, electron exchange
and correlation are treated by using the Perdew-Burke-
Ernzerh functional10 with the projector augmented wave
method.11 Plane wave basis sets with a kinetic energy
cutoff of 300 eV is used to expand the valance elec-
tron wave functions. Monkhorst-Pack12 k point grid of
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2FIG. 1. (a) Crystal and magnetic structure of NaFe0.5Cu0.5As. Red arrows denote the spin direction. (b) Electronic band
structure of NaFe0.5Cu0.5As, with the atomic composition projection. (c) Zoom in plot of (b) near the Fermi level. (d)
Schematic energy diagram. The key energy scales are summarized in Table I.
8 × 8 × 4 are adopted to represent the first Brillouin
zone. The electronic and spin ground state is deter-
mined self-consistently until the energy threshold 10−5
eV is reached.
III. THE INSULATING GROUND STATE
In Fig.1(a) and 1(b) we plot the gound state atomic
and magneitc structure (structural data from ref.5) as
well as the DFT+U band structure of NaFe0.5Cu0.5As,
and mark each band with its chemical compositions. It
is very different from the metallic iron pnictides as re-
flected by a small gap at the Fermi level [Fig.1(c)]. More
importantly, the Fe bands split into two sets: one right
above the Fermi level (upper Hubbard bands, UH), and
the other deep inside the occupied states (lower Hub-
bard bands, LH). The occupied band edge consists of
nearly pure As-orbitals free from strong correlation. This
explains the surprisingly excellent agreement between
DFT+U and ARPES results around the occupied band
edge.6 The sharp difference of the chemical component
between the occupied and unoccupied band edge also ex-
plains the strongly asymmetric dI/dV spectral line shape
observed by STM when the bias reverses.4 We should
point out that a previous DFT+U calculation attributed
a large fraction of Cu-orbital contribution to the occu-
pied band edge,6 whereas our result indicates that the
majority of Cu bands stay deep below the Fermi level.
Both Fe- and Cu-dominated bands are narrow, distinct
TABLE I. Key energy scales extracted from the DFT+U cal-
culation
Charge Sector - Fig. 1 (eV)
Wp 5.5
Wd 1.0
Eg 3.0×10−2
U 6.0
U ′ 3.5
JH 1.2
Spin Sector - Fig. 4 (meV)
J1 30
J2 -0.43
J3 0.14
from the dispersive As bands, which reflects the localized
nature of d-electrons. The valence states of Fe and Cu
can then be determined by counting the number of oc-
cupied bands of each element. This analysis indicates a
+1 valence state for Cu (3d10) and a +3 valence state for
Fe (3d5), respectively, which is consistent with the ex-
perimental observation that only Fe atoms exhibit local
magnetic moment.5 The half filled Fe d-bands all have
the same spin polarization. Therefore, the Fe3+ ion is
in the high-spin state, effectively forming a S=5/2 mo-
ment. In comparison, in NaFeAs iron is in the +2 va-
lence state (d6). Therefore, Cu substitution of Fe can be
effectively considered as hole doping. For NaFeAs, the
total spectral weight in the neutron scattering measure-
ment suggests an effective S=1/2 local spin.13 The same
3FIG. 2. Three hypothetical atomic and magnetic structures and the corresponding band structures: (a) FM spin configuration
; (b) Fe and Cu ions form a checkerboard pattern; (c) Fe and Cu ions are assumed to distribute randomly. In all these cases,
the charge-transfer gap is closed.
measurement indicates a much larger local moment in
NaFe0.5Cu0.5As, but still less than S=5/2
5. There are
many reasons that the experimentally determined value
may differ from expected and the underlying reason is
worth of further investigation.
A schematic energy diagram is drawn in Fig.1(d). Sev-
eral key energy scales can be readily extracted from Fig.
1(b), which are summarized in Table I. The energy gap
around the Fermi level (Eg) is of a p− d charge transfer
origin, just like in cuprates.1. The green region indicates
the itinerant As p-bands, which extend from around -6
eV up to the Fermi level, despite intertwining with the
Fe LH bands and the Cu bands in between. The split-
ting between the UH and LH bands is determined by the
intra-orbital Hubbard repulsion of Fe 3d-orbitals (U).
We note that the effective Coulomb repulsion Ueff =
2.8 eV as set for the DFT+U calculation is defined as9:
Ueff = 〈mm′|Vee|mm′〉 − 〈mm′|Vee|m′m〉m6=m′
=
U + 4U ′
5
− JH , (2)
which is an average of the intra-orbital Coloumb repul-
sion (U for m = m′) and inter-orbital repulsion (U ′ for
m 6= m′) minus the Hund’s coupling JH . It is possi-
ble to further determine U ′ and JH , by considering that
U , U ′ and JH are not independent. We assume that the
screened Coulomb potential (Vee) is still spherically sym-
metric, and it is known that the relation U ′ + 2JH = U
holds.14 Then, in combination with Eq. (2), the values
of U ′ and JH can be calculated (Table I).
IV. FACTORS AFFECTING THE
CHARGE-TRANSFER GAP
The small charge-transfer gap arises from a delicate
separation between the Fe UH band and the As p-band.
Fig. 2(a) shows that the gap is closed by enforcing a
ferromagnetic spin configuration. We have also artifi-
cially rearranged the Fe/Cu atoms into a checkerboard
pattern [Fig.2(b)] or randomly [Fig.2(c)]. In all the
cases, the charge-transfer gap no longer exists. These
results indicate the importance of the quasi-1D AFM
chain structure to the observed insulating ground state.
A recent DFT+dynamical mean-field theory calculation
also found that the correct insulating ground state could
not be reproduced without the quasi-1D AFM magnetic
order.15 Nevertheless, the splitting of the UH and LH
Fe bands, which signifies the Mott localization of the
d-electrons, is largely independent of the magnetic or
atomic structure.
Another question is why this insulating phase appears
much before the x = 0.5 stoichiometric limit is reached.
A recent work applying the real space Green’s function
method emphasized the role of disorder.16 Here, we would
like to point out that the interchain Fe is in a different
valence state. Within the DFT+U formalism, we have
constructed a 2×2×1 supercell and replaced one of the
Cu atoms with Fe. The DFT+U band structure indi-
cates that the charge-transfer gap indeed remains open.
Fig. 3(b) show the orbital-resolved bands by project-
ing the Bloch wavefunctions onto the in-chain Fe (Fe1)
and the inter-chain Fe (Fe2) ions. We can observe that
Fe1 [Fig.3(b), left] is half-filled as in NaFe0.5Cu0.5As
4FIG. 3. The effect of inter-chain Fe as shown by the band structure of (a) NaFe0.5Cu0.5As and (b) NaFe0.53Cu0.47As. The
weight of the bands is proportional to the wavefunction projection on the Fe site.
[Fig.3(a)], whereas two additional occupied bands dom-
inated by Fe2 can be found below the Fermi level [Fig.
3(b), right]. Based on this observation, the robustness of
the gap to the extra Fe atoms can be explained as follows.
The key point is that the in-chain Fe (3d5) structure is
not perturbed. These inter-chain Fe atoms are roughly in
a (3d7) state, which nominally loses one electron each, the
same as the replaced Cu1+ ion, and thus do not introduce
extra charge carriers. We propose that the existence of
two types of Fe ions can be verified by X-ray adsorption
spectroscopy measurement.
V. SPIN EXCHANGE AND EXCITATION
SPECTRUM
After clarifying the Mott localization associated
with the Fe3+ (3d5) electrons, the spin excitation in
NaFe0.5Cu0.5As can be reasonably described by a S=
5
2
spin model. We assume a Heisenberg-type model:
Hd = J1
∑
i
Si · Si+ a12 + J2
∑
i
Si · Si+a2 (3)
+J3
∑
i
(Si · Si+ a22 + a32 + Si · Si− a22 + a32 ),
where ai=1,2,3 are the three lattice vectors as shown in
Fig. 1(a). The in-chain exchange is expected to be the
dominant spin-spin interaction. The inter-chain coupling
is weak, yet important to forming the 3D magnetic order
at finite temperature. For each dimension, we include
the nearest-neighbor term only, as shown in Fig. 4(a).
The three exchange parameters J1,2,3 are quantified
by calculating the DFT+U total energy increase after
applying a perturbation to the ground-state spin config-
uration. The choice of the perturbation should be as
small as possible to avoid insulator-to-metal transition,
but still numerically stable. To extract the in-chain ex-
change, we therefore rotate a single spin in each chain by
a small angle θ [Fig. 4(b)]. By adding a penalty term
to the standard Kohn-Sham potential, our noncollinear
spin-polarized DFT calculations are able to obtain the to-
tal energy of these excited magnetic configurations.17 We
then assume a classical mapping between DFT+U total
energy and Eq. (3): ∆E1(θ) = −zJ1S2(cosθ − 1), where
z is the number of perturbed bonds within the unit cell.
Finally, J1 is determined by a linear fitting between ∆E1
and cosθ [Fig.4(c), left panel]. This method has been
successfully implemented to study the spin excitation of
other iron-based superconductors.18 To extract the inter-
chain exchange, we apply a global rotation to the spins
in a single chain or a single Fe layer, and a similar lin-
ear fitting can be performed [Fig.4(b) and 4(c)]. Due to
the small magnitude of the inter-chain exchange, the ro-
tation angle in these two cases should be much larger.
Nevertheless, the perturbed states stay in the proximity
of the magnetic ground state and the Mott physics does
not change. For all the cases, the numerical data are
found to be well reproduced by the linear fitting, which
in turn justifies the Heisenberg-type exchange employed
in Eq. (3). We summarize the values of J1,2,3 in Table
I. AFM exchange corresponds to a positive J , and FM
exchange corresponds to a negative J .
The magnon spectrum ω(k) can then be calculated by
the standard spin-wave expansion19:
ω(k) =
√
A(k)2 −B(k)2 (4)
A(k) = 2SJ1 − 2SJ2[1− cos(k2a2)] + 4SJ3
B(k) = 2SJ1 cos(
k1a1
2
) + 4SJ3 cos(
k2a2
2
) cos(
k3a3
2
)
Fig.4(d) shows the dispersion along in-plane high-
5FIG. 4. (a) The primary nearest-neighbor (NN) exchange in Eq.(3). (b) Spin rotation for extraction of J1,2,3. (c) Total energy
as a function of the rotation angle. The fitted lines are also shown. (d) In-plane magnon dispersion.
symmetry directions in the momentum space. Along
the chain, typical AFM spin wave can be observed.
The band top is reached at (pi/a1, 0, 0) with the en-
ergy ∆1 = S(2J1 + 4J3) ∼ 2SJ1. The magnon en-
ergy does not return to zero at (±2pi/a1,0,0) due to
the out-of-plane exchange J3. The energy gap is ∆3 =
4S
√
2J1J3. The weak interchain exchange mixing with
J1 also leads to noticeable dispersion perpendicular to
the chain. Around (0,±pi/a2, 0), the magnon energy is
∆2 ≈ 4S
√
J1(|J2|+ J3). According to the calculated
values of J1,2,3, ∆2/∆1 = 2
√
|J2|+J3
J1
∼ 14 . Above ∆2,
the constant energy contour as measured from inelastic
neutron scattering experiment should display typical 1D
features, in contrast to the low-energy anisotropic 2D
topology. This energy scale reversely provides a way to
determine the weak interchain exchange experimentally.
VI. ITINERANT HOLES AND THEIR
COUPLING TO LOCAL SPINS
The previous section focuses on the localized Fe d-
electrons. We now turn to the itinerant As p-electrons ly-
ing right below the Fermi level. Due to the small charge-
transfer gap, charge fluctuation between the ground-state
d5p6 configuration and the excited d6p5 configuration is
possible at ambient temperature. The activated mobile
holes associated with the itinerant p-bands are considered
to dominate the charge transport.
The hole valley centered at the M-point arises from
the in-plane As p-orbitals, as shown in Fig. 5(a) by the
orbital- and spin-resolved band structure. The princi-
ple axes of the in-plane p-orbitals are chosen along the
As-As bonding directions, which rotate by 45 degrees
with respect to the a1-a2 axes. The interesting point
is that under such a projection the px and py electrons
are nearly decoupled around the band edge. Addition-
ally, they carry the opposite spin [Fig.5(a)]. In other
words, the hole carriers feature unique orbital-dependent
spin polarization, as illustrated by a schematic plot in
Fig. 5(b).
To reveal the physical origin, we specify As pxy orbitals
as the starting point to construct the corresponding max-
imally localized Wannier functions out of the valence-
band Bloch wave functions. We employ the “disentan-
glement” procedure introduced in Ref.20 to separate out
the Fe d-, Cu d- and As pz-dominated bands. The re-
sulted energy bands spanned by the As pxy-like Wannier
6FIG. 5. Hoppings and spin polarization of the As-pxy orbitals and formation of the hole bands in NaFe0.5Cu0.5As. (a) Spin
and orbital resolved valance bands. The bands are projected on the pxy orbitals of a single As atom. The py/px bands around
the Fermi level are found to carry the opposite spin. The splitting between the spin-up and spin-down pockets of the same
orbital is used to estimate Jpd. (b) Schematics of the p− p hopping and p− d exchange. (c) Downfolding the As-pxy bands to
the minimal model. upper: the DFT bands; middle: the As-pxy bands on the basis of Maximally localized Wannier functions;
bottom: the px bands from the minimal model in Eq.(5).
functions are plotted in Fig 5(c), which nicely reproduces
the overall dispersion of the valence bands. Note that
this optimal subspace consists of (2 orbitals/As )× (2
As/layers) × 4 layers = 16 bands in total. Those local-
ized d-bands [c.f. Fig.1(b)] are automatically projected
out. A minimal model can be written by neglecting the
hopping terms between the px and py orbitals and cou-
pling between the different As layers:
Hpx = µ
∑
i
c†x,icx,i + tσ
∑
i
c†x,icx,i+ a1+a22 (5)
+tpi
∑
i
c†x,icx,i+ a1−a22 +H.c.,
where µ is the pxy-orbital chemical potential, which
rigidly shifts the band energy and determines the top
of the hole bands from the Fermi level. Hpy can be ob-
tained by simply reversing tσ and tpi. Fig. 5(c) (bottom
panel) shows the valence band dispersion from the min-
imal model with tσ=-0.9 eV and tpi=0.3 eV. Notwith-
standing the simplicity, the hole valley at the M point
and the total p-band width (c.f. Wp in Table I) are cor-
rectly described.
From Eq.(5), the difference between the px and py elec-
trons becomes clear. Due to the orbital anisotropy, px
and py electrons form strong σ bonds along the [11¯0] and
[110] directions, respectively. Note that these two per-
pendicular directions cut different Fe atoms in the AFM
spin chain [Fig.5(b)]. A crosscheck reveals that the spin
direction of the pxy holes are parallel to that of the inter-
secting Fe. Thus, the orbital-dependent spin polarization
of holes can be explained by the directional Hund’s cou-
pling to different sublattices of the AFM chain, which
can be described by:
Hpd = −Jpd
∑
γ,〈i,j〉γ
sγi · Sj , (6)
where γ = x, y, sγi =
∑
αβ c
+
γiα~σαβcγiβ and 〈ij〉γ de-
notes the nearest neighbor sites along the γ-direction.
The Hund’s coupling Jpd arises from the overlap between
the As pxy orbitals and the Fe d-orbitals. We roughly es-
timate Jpd ∼ 0.5eV by referring to the energy splitting
between the spin majority/minority valleys [See the hor-
izontal lines marked in Fig. 5(a)].
It is reasonable to speculate that the spin-polarized
charge current exists along the [11¯0] or [110] direction.
The subtlety here is that the top and bottom As layers
of a As-Fe-As sandwich have exactly the opposite orbital
polarization, as dictated by the inversion symmetry. To
7obtain a net spin current, one needs to break this sym-
metry, e.g. by applying a perpendicular electric field.
Breaking the degeneracy between the px and py orbitals,
e.g. by applying an uniaxial strain along the [110] di-
rection, should enhance the degree of spin polarization.
Furthermore, due to the spin-hole coupling, magnetore-
sistance may also be observed.
VII. DISCUSSION AND CONCLUSION
By combining all the results above, the complete low-
energy model of NaFe0.5Cu0.5As can be written as:
H = Hd +Hp +Hpd (7)
A fundamental difference between NaFe0.5Cu0.5As and
cuprates is the Hund’s coupling between the hole and the
local spin. Recall that when a hole is doped into high-
Tc cuprate superconductors, it goes predominantly into
a 2p orbital of an oxygen site. Together with the hole on
a Cu site, it forms a singlet state commonly named after
Zhang and Rice,21 which has been considered as a start-
ing point to discuss the microscopic origin of the normal
state and superconducting properties of cuprates. Here,
in NaFe0.5Cu0.5As, due to the ferromagnetic couplng, the
holes on the p-orbital of As do not bind with the Fe spin
into singlets. This difference may be due to the nonplanar
Fe-As bonding geometry and the large spatial extension
of the As 4p-orbitals. In some sense, NaFe0.5Cu0.5As
appears more like a narrow-gap magnetic semiconduc-
tor. The thermally activated mobile holes associated
with the itinerant As p-bands carry charge current, and
their spins can be polarized by the underlying magnetic
ions. It will be interesting to see if this parent compound
NaFe0.5Cu0.5As can be hole doped. By reducing the hole
excitation energy to zero, the system becomes a typical
“Hund’s metal”, which has been extensively studied in
the context of iron-based superconductors.22,23 A simi-
lar two-fluid model as Eq.(7) is considered to spawn an
intricate interplay of nematicity, spin-density wave and
superconductivity.24
Our discussion so far does not take into account the
charge fluctuation of Fe. We assume that when the tem-
perature is not high, the small concentration of thermally
excited electrons does not destroy the AFM order of the
Fe chains. A rigorous study is, however, beyond the capa-
bility of the DFT+U formalism. This problem is equiva-
lent to electron-doping the half-filled quasi-1D Fe chains
(the As p-bands become irrelevant). We refer to a re-
lated density matrix renormalization group calculation,
which reveals exotic magnetic order within the orbital-
selective Mott regime.25 This scenario in Cu-substituted
iron-based superconductors is discussed in Ref.26.
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